Recent evidence argues strongly that the marked increase in risk for atherosclerotic heart disease seen in diabetics cannot be explained by a generalized increase in oxidative stress. Here, we used streptozotocin to induce hyperglycemia in cynomolgus monkeys for 6 months and tested whether high glucose levels promote localized oxidative damage to artery wall proteins. We focused on three potential agents of oxidative damage: hydroxyl radical, tyrosyl radical, and reactive nitrogen species. To determine which pathways operate in vivo, we quantified four stable end products of these reactants -ortho-tyrosine, meta-tyrosine, o,o'-dityrosine, and 3-nitrotyrosine -in aortic proteins. Levels of ortho-tyrosine, meta-tyrosine, and o,o'-dityrosine, but not of 3-nitrotyrosine, were significantly higher in aortic tissue of hyperglycemic animals. Of the oxidative agents we tested, only hydroxyl radical mimicked this pattern of oxidized amino acids. Moreover, tissue levels of ortho-tyrosine and meta-tyrosine correlated strongly with serum levels of glycated hemoglobin, a measure of glycemic control. We conclude that short-term hyperglycemia in primates promotes oxidation of artery wall proteins by a species that resembles hydroxyl radical. Our observations suggest that glycoxidation reactions in the arterial microenvironment contribute to early diabetic vascular disease, raising the possibility that antioxidant therapies might interrupt this process.
Introduction
Atherosclerotic vascular disease is the leading cause of mortality in the industrialized world, and it develops at an accelerated rate among persons with diabetes mellitus (1, 2) . However, this greatly increased incidence does not result solely from traditional risk factors, such as obesity, hypertension, and hypercholesterolemia, that frequently are seen in the diabetic population (1, 2) . Therefore, there could be a more direct link between diabetes and atherosclerosis. For example, it has long been known that the degree of glycemic control strongly affects the risk for developing many of the disorder's long-term complications. This observation has given rise to the glucose hypothesis, which proposes that hyperglycemia mediates many of the deleterious effects of the disease. This hypothesis has gained strong support from recent clinical trials demonstrating that intensive glucose-lowering therapy dramatically reduces the incidence of microvascular disease (3) (4) (5) .
Possible links between glucose and vascular disease include mitochondrial dysfunction (6) , pseudohypoxia (7, 8) , altered growth factor and cytokine secretion (9, 10), production of advanced glycation end products (AGE products) (11, 12) , and increased protein kinase C activity (13) . Another important mechanism may involve oxidative stress because a wealth of evidence implicates oxidation of LDL, the major carrier of blood cholesterol, in the pathogenesis of atherosclerosis (14) (15) (16) . Indeed, glucose promotes protein glycation and AGE product formation in vitro, and AGE products accumulate in tissues of diabetic humans and animals. They also are formed by oxidative reactions in vitro, leading to the proposal that diabetes increases oxidative stress (11, 12, (17) (18) (19) (20) (21) (22) (23) (24) (25) .
Recent studies have cast doubt on the concept of a generalized increase in oxidative stress in diabetes, however. For example, Wells-Knecht et al. (26) quantified levels of two oxidized amino acids, ortho-tyrosine and methionine sulfoxide, in collagen isolated from diabetic and nondiabetic subjects. Collagen was chosen for the study because it is an extracellular protein whose slow turnover rate makes it an excellent vehicle for exploring long-term oxidative stress. In vitro studies confirmed that glycoxidation reactions generate the two abnormal amino acids in human collagen, and mass spectrometric analysis of tissue collagen showed that levels of both increase linearly with age. However, collagen from age-matched diabetic and euglycemic subjects contained comparable levels of ortho-tyrosine and methionine sulfoxide, which are generated by different reaction pathways in vitro and therefore probably in vivo. Other studies have failed to find differing levels of well-characterized glycoxidation products in urine and blood of diabetic and euglycemic humans (19, 27) . Collectively, these observations argue strongly against an increase in generalized oxidative stress in diabetes, at least in the extracellular compartment.
A major difficulty in understanding the role of oxidative stress in diabetic macrovascular disease has been the lack of animal models. An important exception is the cynomolgus monkey. In this primate, experimentally induced diabetes enhances atherosclerosis -predominantly fatty streaks and intermediate lesions -in the aorta and femoral arteries (28, 29) . This effect occurs despite minimal changes in total plasma cholesterol, LDL, HDL, and triglyceride concentrations, and with no increase in AGE products in arterial collagen (28) . These monkeys therefore represent an excellent animal model for dissecting out the effects of hyperglycemia alone on oxidative stress in the artery wall.
In the current studies, we used isotope dilution gas chromatography-mass spectrometry (GC/MS), a highly sensitive and specific method, to quantify levels of orthotyrosine, meta-tyrosine, o,o'-dityrosine, and 3-nitrotyrosine in proteins isolated from the thoracic aortas of control and diabetic cynomolgus monkeys. In vitro studies have shown that ortho-tyrosine and meta-tyrosine appear when hydroxyl radical oxidizes protein-bound phenylalanine residues. o,o'-Dityrosine is the major product when tyrosyl radical reacts with tyrosine, whereas 3-nitrotyrosine is generated when peroxynitrite (ONOO -) oxidizes tyrosine. These abnormal amino acid isomers thus serve as markers, revealing which reactive species have created oxidative damage (16) . Our results suggest that even relatively short-term diabetic hyperglycemia promotes protein oxidation in the artery wall in the cynomolgus monkey. The pattern of products suggests that a species resembling hydroxyl radical is the oxidizing intermediate in vivo. These findings support the hypothesis that glucose-induced oxidative stress contributes to the vascular dysfunction and accelerated atherosclerosis of diabetes.
Methods
Materials. All reagents were obtained from Sigma Chemical Co. (St. Louis, Missouri, USA) or Aldrich Chemical (Milwaukee, Wisconsin, USA) unless otherwise specified. Cambridge Isotope Laboratories (Andover, Massachusetts, USA) supplied 13 C-labeled amino acids. Isotopically labeled ortho-and meta-[ 13 C 6 ]tyrosine, 3-nitro-[ 13 C 6 ]tyrosine and o,o'-[ 13 C 12 ]dityrosine were synthesized as described previously (16) . Concentrations of 13 C-labeled amino acids were determined by HPLC analysis (30) .
Animals. The Animal Care and Use Committee of Wake Forest University approved all animal studies.
Sixteen adult male cynomolgus monkeys (Macaca fascicularis) were fed a Western-type diet (0.28 mg cholesterol/kcal, 45% of calories from fat) for 2 months before and throughout the 6-month study. The 16 monkeys were randomly assigned to one of two groups, and diabetes was induced in one group by intravenously injecting 30 mg/kg of streptozotocin (STZ) (28) . Plasma lipid and lipoprotein measures and atherosclerosis determinations that included total lesion cholesterol have been reported for these animals previously (28) . One animal in the control group died from causes unrelated to the study.
Tissue collection. At the end of the study, the animals were anesthetized with ketamine hydrochloride (15 mg/kg given intramuscularly), deeply anesthetized with sodium pentobarbital (80 mg/kg given intravenously), and then perfused via the left ventricle with antioxidant solution (lactated Ringer's solution containing 50 µM EDTA [a metal chelator], 2.4 µM butylated hydroxytoluene [BHT, a lipid-soluble antioxidant], and 0.1% ethanol [vol/vol]) to prevent ex vivo oxidation. Blood was removed through an incision in the caudal vena cava, and the animals were perfused until the perfusate was colorless. Thoracic aortas were collected from 15 animals (seven controls and eight STZ-treated monkeys) and immediately frozen in liquid N 2 in antioxidant solution. Tissues were kept frozen at -70°C until analysis.
Protein isolation. To obtain the in vivo samples, aortic tissue was homogenized at 4°C in antioxidant buffer (100 µM diethylenetriaminepentaacetic acid [DTPA], 50 µM BHT, 1% [vol/vol] ethanol, and 10 mM 3-amino-1,2,4-triazole in 50 mM sodium phosphate buffer [pH 7.4]), frozen briefly, and then thawed. All subsequent procedures were carried out at 4°C as described previously (31) . Isotopically labeled internal standards were added, and samples were hydrolyzed at 110°C for 24 hours under argon (31) . Protein for in vitro studies was isolated at 4°C from aortic tissue that had been harvested and stored at -70°C in antioxidant solution. Aortic tissue (∼50 mg) was homogenized in 5 ml of buffer A (0.1 mM DTPA [pH 7.4]), freeze-thawed once, and centrifuged at 10,000 g for 10 minutes. The supernatant containing soluble tissue protein was dialyzed against water that had been passed over a Chelex resin (BioRad Laboratories Inc., Hercules, California, USA) column to remove free metal ions. The preparation was stored at -70°C.
In vitro protein oxidation by hydroxyl radical, tyrosyl radical, and ONOO -. All reactions (containing 1 mg aortic protein per milliliter) were performed at 37°C in buffer B (50 mM sodium phosphate [pH 7.4]) that had been passed over a Chelex column to remove metal ions. The buffer was supplemented with 5 mM or 15 mM D-glucose. After incubation for 2 hours (hydroxyl radical), 30 minutes (tyrosyl radical), or 5 minutes (ONOO -), reactions were terminated by adding 0.2 mM DTPA (pH 7.4), 300 nM catalase, and 0.1 mM BHT. Hydroxyl radical was generated using buffer B containing 0.2 mM CuSO 4 and 5 mM H 2 O 2 . To inhibit residual catalase activity, we included 3-amino-1,2,4-triazole (0.1 mM) in the reaction mixtures. Tyrosyl radical was generated by adding 0.1 mM H 2 O 2 to buffer B supplemented with 20 nM myeloperoxidase, 0.2 mM L-tyrosine, and 0.1 mM DTPA. Peroxynitrite was synthesized from 2-ethoxyethyl nitrite and H 2 O 2 (32) and stored at -80°C. Peroxynitrite was thawed immediately before use, and its concentration was determined spectrophotometrically (ε 302 = 1,670 M -1 cm -1 ; ref. 33 ). When indicated, buffer B was supplemented with 25 mM NaHCO 3 before the addition of ONOO -. For GC/MS analyses, proteins were precipitated with ice-cold trichloroacetic acid (10% final concentration) and hydrolyzed with acid as described above.
Amino acid derivatization and mass spectrometric analysis. Amino acids were isolated by solid-phase extraction from acid hydrolysates and converted to n-propyl heptafluorobutyryl derivatives as described previously (31) . The derivatives were quantified by isotope dilution negative-ion chemical ionization GC/MS (16) . For phenylalanine, we used the ion at m/z 383 (M --HF) and the isotopically labeled internal standard ion at m/z 389; for tyrosine, the ion at m/z 417 [M --CF 3 (CF 2 ) 2 CHO] and the isotopically labeled internal ion at m/z 423; for 3-nitrotyrosine, the ion at m/z 464 (M --HF) and the isotopically labeled internal standard ion at m/z 470; for ortho-tyrosine, the ion at m/z 595 ion (M --HF) and the isotopically labeled internal standard ion at m/z 601; for meta-tyrosine, the ion at m/z 417 (M --HF) and the isotopically labeled internal standard ion at m/z 423; for dityrosine, the ion at m/z 1208 ion (M --HF) and the isotopically labeled internal standard ion at m/z 1220. The limit of detection (signal/noise > 10) was less than 1 pmol for all the amino acids.
Statistical analyses. Results are presented as means ± SE. Differences between two groups were compared using an unpaired Student's t test. Multiple comparisons were performed using a two-way ANOVA. Levels of oxidation products were correlated with those of glycated hemoglobin by linear regression analysis, and the Spearman rank correlation method was applied to nonparametric data using Sigma Stat (SPSS, Chicago, Illinois, USA). A P value less than 0.05 was considered significant.
Results
To evaluate the potential usefulness of the oxidized amino acids as markers of protein oxidation in vivo, we exposed soluble aortic tissue proteins isolated from nondiabetic cynomolgus monkeys to various oxidation systems in vitro and determined the relative yield of each product. We used the copper-peroxide system to generate hydroxyl radical (0.2 mM CuSO 4 and 5 mM H 2 O 2 ), the myeloperoxidase-tyrosine-H 2 O 2 system to generate tyrosyl radical (0.1 mM H 2 O 2 , 20 nM myeloperoxidase, and 0.2 mM tyrosine), and 1 mM ONOOto generate reactive nitrogen species.
To determine how D-glucose affected the yields of the various oxidation products, we included physiologically relevant concentrations (5 mM or 15 mM) of the sugar in the reaction mixtures. We also determined whether adding 25 mM NaHCO 3 to the reaction buffer altered yields of oxidized amino acids in tissue proteins when ONOOwas the reactant. High concentrations of bicarbonate/carbon dioxide are present in vivo, and carbon dioxide reacts rapidly with ONOOto form ONO 2 CO 2 -, whose reactivity differs from that of ONOO - (33, 34) .
ortho-Tyrosine in aortic proteins oxidized in vitro. When we exposed protein derived from aortic tissue to
Figure 1
Product yields of ortho-tyrosine (a), metatyrosine (b), o,o'-dityrosine (c), and 3nitrotyrosine (d) in aortic tissue oxidized by different systems in vitro. Aortic tissue was harvested from nondiabetic animals. Soluble proteins (1 mg/ml) isolated from this tissue were oxidized in buffer B at 37°C with hydroxyl radical, tyrosyl radical, or ONOOas described in Methods. When indicated, buffer B was supplemented with 25 mM NaHCO 3 before ONOOwas added (peroxynitrite + HCO 3 -). D-Glucose was included at the indicated concentrations in the reaction mixtures. After addition of 13 C-labeled internal standards, proteins were delipidated, hydrolyzed, and subjected to solid-phase extraction. The isolated amino acids were derivatized and analyzed by isotope dilution negative-ion electron capture GC/MS with selected ion monitoring. Values are the mean ± SEM of triplicate determinations and are normalized to levels of precursor amino acid. A P < 0.01 by ANOVA.
hydroxyl radical, the main product was ortho-tyrosine ( Figure 1a ). Peroxynitrite, but not tyrosyl radical, also generated a significant amount of this abnormal amino acid. Glucose, at a concentration (15 mM) similar to that observed in diabetic humans and monkeys did not affect product yields (Figure 1a ). Neither did adding NaHCO 3 to the ONOOsystem (Figure 1a ). These observations suggest that ortho-tyrosine is a major product of oxidation reactions mediated by hydroxyl radical and that it also forms when ONOOis the oxidant. meta-Tyrosine in aortic proteins oxidized in vitro. Hydroxyl radical also generated a high yield of meta-tyrosine (Figure 1b ), although ONOOyielded a significant amount of this amino acid. In contrast, tyrosyl radical failed to raise meta-tyrosine levels. Neither 5 mM nor 15 mM glucose affected product yields, and NaHCO 3 had no effect when added to the ONOOoxidation system. Elevations in ortho-tyrosine levels always accompanied increases in meta-tyrosine. These observations suggest that both ortho-tyrosine and meta-tyrosine are major products when the hydroxyl radical oxidizes proteins. meta-Tyrosine was also produced when ONOOwas the oxidant. Variations in glucose concentrations over a physiological range did not significantly affect the relative yields of ortho-tyrosine and meta-tyrosine in tissue proteins exposed to hydroxyl radical or ONOO -.
o,o'-Dityrosine in aortic proteins oxidized in vitro. Exposing aortic proteins to oxidizing systems that generate hydroxyl radical or tyrosyl radical raised o,o'-dityrosine levels, and the two systems produced similar absolute yields ( Figure  1c ). Peroxynitrite (with or without NaHCO 3 ) also increased the level of o,o'-dityrosine, but the yield was smaller than with hydroxyl radical or tyrosyl radical. Again, glucose (5 mM or 15 mM) had no effect.
3-Nitrotyrosine in aortic proteins oxidized in vitro.
Exposing aortic proteins to 1 mM ONOOin vitro greatly raised 3-nitrotyrosine levels (∼60-fold). However, protein nitration was minimal when ONOOwas added 2 minutes before the protein (data not shown). This suggests that the nitrating intermediate is either ONOOitself or a short-lived species derived from it. In contrast, 3-nitrotyrosine levels did not rise when we used the systems that generate tyrosyl radical or hydroxyl radical ( Figure  1d ). Again, 5 mM or 15 mM glucose failed to affect product yields; NaHCO 3 also failed to affect the ONOOsystem. These results indicate that 3-nitrotyrosine is the major product when ONOOoxidizes aortic proteins in vitro. Diabetes, plasma lipids, and atherosclerosis in cynomolgus monkeys. All eight cynomolgus monkeys injected with STZ developed hyperglycemia, as documented by a significant 160% increase in glycated hemoglobin (base line, 4.6%; 3 weeks after STZ, 7.4%). This high level persisted for the duration of the study (6 months after STZ, 8.3%). In contrast, glycated hemoglobin levels remained unchanged throughout the study in the seven control animals (base line 4.5%; 6 months, 3.7%).
As reported previously (28) , there was a trend toward higher plasma cholesterol in the diabetic monkeys than in the control animals after 6 months of hyperglycemia (diabetic 11.1 ± 1.0 mmol/l, control 8.9 ± 1.2 mmol/l), but this difference did not reach statistical significance. Levels of plasma triglycerides, LDL, and HDL did not change. Nevertheless, atherosclerosis became significantly more extensive in the femoral and abdominal aortas of the diabetic animals (28). The thoracic aortas of these animals contained significantly elevated levels of cholesterol (diabetic 12.7 ± 2.4 mg/g; control 6.8 ± 2.6 mg/g; P < 0.05).
Mass spectrometric detection of ortho-tyrosine, meta-tyrosine, 3-nitrotyrosine, and o,o'-dityrosine in cynomolgus monkey aortas.
To determine whether the artery wall of nondiabetic monkeys contains oxidized amino acids, we assayed freshly isolated tissue from the thoracic aortas of the control animals. After hydrolyzing the tissue with acid, we derivatized the liberated amino acids with n-propanol and heptafluorobutyric anhydride. The derivatives then were analyzed by GC/MS in the negative-ion electron capture mode. Compounds that exhibited major ions and retention times identical to those of authentic orthotyrosine, meta-tyrosine, 3-nitrotyrosine, and o,o'-dityrosine were detected. Selected ion monitoring demonstrated that the ions derived from the amino acids 856 The co-eluted with ions derived from authentic 13 C-labeled internal standards, as shown in Figure 2 for ortho-tyrosine, meta-tyrosine, and o,o'-dityrosine.
The aortic samples contained different amounts of the various oxidized amino acids (Figure 3, a-d) . ortho-Tyrosine was the most abundant (0.2-0.3 mmol/mol phenylalanine), o,o'-dityrosine the least (< 0.1 mmol/mol tyrosine), and 3-nitrotyrosine and meta-tyrosine were present at intermediate levels (0.1-0.2 mmol/mol precursor amino acid). These results indicate that acid hydrolysates of aortic tissue proteins of nondiabetic monkeys contain detectable levels of oxidized amino acids.
Levels of ortho-tyrosine, meta-tyrosine, and o,o'-dityrosine in aortic proteins of diabetic cynomolgus monkeys.
To determine whether diabetic hyperglycemia oxidatively damages the artery wall, we analyzed samples from the seven control and eight diabetic cynomolgus monkeys, sampling three different areas from the thoracic aorta of each animal (21 determinations for the control group, 24 for the diabetic group). The aortic proteins from the diabetic animals contained 40% more ortho-tyrosine than those from the control animals (diabetic, 0.36 ± 0.01 mmol/mol; control, 0.26 ± 0.01 mmol/mol phenylalanine; P < 0.01) (Figure 3a) . When we analyzed the same samples for protein-bound meta-tyrosine (Figure 3b ), we detected a 60% higher level in the diabetic samples than in the controls (diabetic, 0.18 ± 0.01 mmol/mol; control, 0.11 ± 0.01 mmol/mol phenylalanine; P < 0.01). These results indicate that levels of protein-bound ortho-tyrosine and meta-tyrosine are elevated to a similar extent in the artery wall of diabetic animals.
We next analyzed the same tissue for o,o'-dityrosine (Figure 3c ). The concentration in the diabetic samples was fourfold greater than in the control samples (diabetic, 25 ± 3 µmol/mol; control, 6 ± 1 µmol/mol tyrosine; P < 0.005). This indicates that o,o'-dityrosine levels also are elevated in aortic proteins from diabetic monkeys.
In the diabetic aortic tissue, o,o'-dityrosine exhibited the largest relative increase (300%) but the smallest absolute increase (0.02 mmol/mol) when compared with ortho-tyrosine and meta-tyrosine. This reflects the marked differences in base-line levels of the oxidized amino acids in tissue. In contrast, ortho-tyrosine showed the greatest absolute increase (0.10 mmol/mol) but the smallest relative increase (40%). The absolute increase in tissue levels of meta-tyrosine (0.07 mmol/mol) was slightly smaller than that of ortho-tyrosine, but it represented a larger relative increase (60%).
3-Nitrotyrosine levels in aortic proteins of diabetic cynomolgus monkeys. Last, we analyzed the isolated aortic proteins for 3-nitrotyrosine (Figure 3d ). There was no significant difference between the diabetic animals and the controls (diabetic, 0.08 ± 0.02 mmol/mol; control, 0.10 ± 0.02 mmol/mol tyrosine). Collectively, these results indicate that levels of ortho-tyrosine, meta-tyrosine, and o,o'-dityrosine become selectively elevated in aortic proteins of diabetic monkeys, whereas the level of 3-nitrotyrosine remains unchanged.
Correlating levels of the oxidized amino acids with serum levels of glycated hemoglobin. To determine whether hyperglycemia promotes protein oxidation in vivo, we assessed the relationship between glycemic control (measured as serum glycated hemoglobin) and levels of amino acid oxidation products in aortic tissue, comparing control and STZ-treated cynomolgus monkeys (Figure 4 ). Linear regression analysis demonstrated a strong correlation between levels of glycated hemoglobin and levels of both ortho-tyrosine and meta-tyrosine (r 2 = 0.9 and 0.8, respectively; both P < 0.001). There was a borderline significant correlation with levels of o,o'-dityrosine (r 2 = 0.3; P = 0.07). In contrast, there was no correlation between levels of glycated hemoglobin and those of 3-nitrotyrosine. These observations support the hypothesis that hyperglycemia promotes the formation of ortho-tyrosine and meta-tyrosine in the artery wall and suggest that both glucose and other pathways contribute to o,o'-dityrosine formation. We found no correlation between the cholesterol content of thoracic aortic tissue (a measure of atherosclerotic burden) and levels of ortho-tyrosine or meta-tyrosine. There was a weak correlation between levels of o,o'-dityrosine and tissue cholesterol levels (r 2 = 0.45; P < 0.05; data not shown). These observations suggest that differences in the extent of atherosclerosis in euglycemic and hyperglycemic animals are unlikely to account for differing levels of tissue oxidation products.
Discussion
Although hyperglycemia is widely believed to promote oxidative reactions in vivo, careful quantitative studies have failed to detect elevated levels of ortho-tyrosine and methionine sulfoxide (two oxidized amino acids) in collagen from diabetic humans (26) . This observation argues strongly against a generalized increase in oxidative stress in diabetes. In contrast, our observations suggest that hyperglycemia or other components of the diabetic milieu favor oxidative reactions in the microenvironment of the artery wall. Moreover, glucose-stimulated mitochondrial oxidative phosphorylation (6, 35) and peroxidation of polyunsaturated fatty acids can generate reactive intermediates in vitro (19, 36, 37) . Therefore, a complex interplay of oxidative reactions involving lipids, carbohydrates, and mitochondria might increase oxidative stress in localized regions of the diabetic artery wall.
We used a highly sensitive and specific method -isotope dilution GC/MS -to investigate pathways that oxidatively damage aortic proteins in normal and diabetic cynomolgus monkeys. Experimentally induced diabetes accelerates atherosclerosis in this animal model as assessed morphologically, biochemically, and histologically (28) . When the diabetic animals are compared with euglycemic controls, they show minimal changes in blood cholesterol and triglyceride concentrations, two other important risk factors for vascular disease. Thus, the effects of hyperglycemia on atherosclerosis can be isolated in this primate model.
Our cynomolgus experiments revealed that even short-term hyperglycemia elevates levels of ortho-tyrosine, meta-tyrosine, and o,o'-dityrosine in aortic proteins. Moreover, we uncovered a striking correlation between serum levels of glycated hemoglobin, an index of glycemic control, and aortic tissue levels of both ortho-tyrosine and meta-tyrosine. These observations strongly suggest a link between hyperglycemia and oxidative damage to the artery wall. Thus, hyperglycemia appears to promote the oxidation of protein-bound phenylalanine to ortho-tyrosine and meta-tyrosine early in diabetic macrovascular disease.
The pattern of products we observed in the artery wall proteins strongly resembled the one we obtained by oxidizing isolated artery wall proteins with a system that generates hydroxyl radical (Table 1 ). This observation raises the possibility that hydroxyl radical or a related intermediate might play an important role in diabetic atherogenesis by creating localized oxidative stress. There was a much lower correlation between tissue levels of o,o'-dityrosine and glycated hemoglobin, suggesting that pathways independent of glucose contribute to tyrosine oxidation in vivo. One potential mechanism involves the generation of tyrosyl radical by myeloperoxidase or other heme proteins (15) .
Our in vitro experiments indicate that physiologically relevant changes in blood glucose are unlikely to affect these oxidative reactions dramatically in vivo. At concentrations (5 mM and 15 mM) that are physiologically relevant to nondiabetic and diabetic monkeys, D-glucose failed to affect the pattern or yields of the oxidation products. We also found that CO 2 /HCO 3fails to alter the reactivity of ONOO - (33, 34) : yields of ortho-tyrosine, meta-tyrosine, o,o'-dityrosine, and 3-nitrotyrosine were virtually identical in the presence or absence of added bicarbonate in this system. This likely reflects the presence of residual bicarbonate in tissue and/or buffers. Thus, peroxynitrite-mediated oxidation in vivo is likely to generate a similar pattern of oxidation products to that obtained in vitro.
The pattern of oxidized amino acids that we observed in artery wall proteins implicates a hydroxyl radical-like species in diabetic atherosclerosis. In contrast, we previously have found no elevation of ortho-tyrosine or metatyrosine levels in atherosclerotic human tissue, although we observed a nonsignificant trend toward higher levels of both markers in advanced atherosclerotic lesions (38) . Collectively, these observations suggest that hyperglycemia might promote protein oxidation by a biochemical pathway that operates only under features unique to the diabetic artery wall. Table 1 Patterns of tyrosine and phenylalanine oxidation products in aortic proteins isolated from diabetic monkeys and in aortic proteins exposed in vitro to hydroxyl radical, peroxynitrite, and tyrosyl radical.
ortho-Tyrosine meta-Tyrosine o,o'-Dityrosine 3-Nitrotyrosine
A key question is the mechanism by which hyperglycemia stimulates protein oxidation in arterial tissue. One potential pathway involves mitochondria, which generate reactive species. Many lines of evidence suggest that glucose increases the production of reactive species inside cultured vascular cells (35, 39) and that inhibitors of mitochondrial electron transport block this increase (6) . Also, in vitro studies have shown that glucose promotes glycoxidation reactions and ortho-tyrosine formation by a pathway that requires redox-active transition metal ions (19, 23) . Such ions have been detected in tissue homogenates of advanced atherosclerotic lesions (40, 41) , suggesting that metal-catalyzed oxidation reactions might generate a hydroxyl radical-like species in the microenvironment of the artery wall. AGEs bind metal ions, which might promote additional glucose oxidation and tissue damage (42) .
Another potential mechanism for protein oxidation involves α-dicarbonyl compounds, which have been implicated in the formation of cross-linked proteins and AGE products in vitro. Studies with model systems demonstrate that Schiff base adducts of methylglyoxal (an α-dicarbonyl that increases in diabetes) generate radical cations and superoxide (43, 44) . These reactions are independent of free metal ions, and they can be executed by protein-bound methylglyoxal, suggesting that this pathway may contribute to oxidative stress in diabetes. However, we have been unable to demonstrate an increase in ortho-tyrosine or meta-tyrosine in model proteins exposed to high concentrations of glucose for prolonged periods -conditions that should promote extensive protein glycation. Instead, we have recently found that glucose and other carbonyl compounds promote protein and lipid oxidation in vitro by a reaction pathway that requires polyunsaturated fatty acids but is apparently independent of free metal ions (S. Pennathur and J.W. Heinecke, unpublished observation). Because atherosclerotic tissue is enriched in polyunsaturated fatty acids, an interplay of glycoxidation reactions involving lipids and carbonyl compounds might promote localized increases in oxidative stress in the microenvironment of the diabetic artery wall.
Diabetes also increases the production of superoxide by vascular tissue (45) . Nitric oxide reacts with superoxide at a nearly diffusion-controlled rate to generate ONOO -, a potent oxidant that converts tyrosine into 3-nitrotyrosine (33, 34) . Assuming that 3-nitrotyrosine is a specific marker for ONOO -, diabetes might raise aortic levels of this compound. In contrast, in vitro studies have suggested that AGE products scavenge nitric oxide, an event that might impair vasomotor relaxation and lower aortic levels of 3-nitrotyrosine (46, 47) . However, we detected no difference in 3-nitrotyrosine levels in diabetic and normal aortic tissues. Moreover, we observed no correlation between tissue levels of 3-nitrotyrosine and levels of glycated hemoglobin, suggesting that hyperglycemia does not directly or indirectly affect the production of reactive nitrogen species in the artery wall. However, there was marked variabil-ity in the extent of protein nitration in both euglycemic and hyperglycemic animals, which may have obscured a biologically significant relationship between the extent of nitration and diabetes. Thus, further studies will be necessary to determine whether hyperglycemia modulates the production of reactive nitrogen species in vascular tissue.
Our detection of increased levels of ortho-tyrosine, meta-tyrosine, and o,o'-dityrosine in diabetic aortic tissue in vivo, together with the characteristic patterns of phenylalanine and tyrosine oxidation products that appear when aortic proteins are oxidized in vitro, suggests that hydroxyl radical or related species oxidizes artery wall proteins. Taken together, these findings raise the possibility that reactive oxidants derived from glucose promote protein oxidation by a pathway unique to the diabetic state. This pathway might be important in the pathogenesis of diabetic vascular dysfunction and atherosclerosis. Therefore, further studies of the biochemical basis for oxidant generation might facilitate the development of specific antioxidant therapies designed to retard diabetic vascular disease.
